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1. INTRODUCTION 

Harvesting environmental energy for self-powering has become a necessity in ultra-low power and 
compact sensing systems such as wireless sensor nodes and implantable devices [1], [2]. Light [3]-[5], 
vibration [6], [7], thermal [8], [9], and radio frequency (RF) energy [10] are being utilized as the main energy 
sources for energy harvesting. The environmental energies are usually transduced into electrical energy using 
energy transducers such as photovoltaic (PV) cells, piezoelectric transducers (PZTs), thermoelectric generators 
(TEGs), and rectifying antennas. These transducers, except PZTs, generate DC-type output signals. 

An energy transducer has a maximum power point (MPP) that outputs the maximum available 
power. Maximum power point tracking (MPPT) is required because the MPP changes in real time due to 
changes in the surrounding environment [11]-[14]. The MPPT is even more important in miniature-sized 
systems because size-limited energy transducers can only produce extremely small output power due to 
limited power density down to a few uW/cm?. Therefore, it is crucial to extract as much power as possible 
from the energy harvester while the additional power dissipated by the MPPT circuit should be minimized 
[15]. Among various techniques for MPPT, the fractional open-circuit voltage (FOCV) method [16] has been 
commonly used for micro-energy harvesting systems because it is simple and thus has advantages in terms of 
additional power consumption and implementation complexity. Since the MPP voltage of an energy 
converter is a fraction of the open-circuit voltage, the MPP voltage can be obtained by periodically sampling 
the open circuit voltage. 
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One specific issue of small-sized energy transducers is that they usually generate very low output 
voltages. Single PV cells [17] have output voltages less than 500 mV, and commonly used TEG devices [8] 
can generate output voltages in the range of 10 mV/K to 50 mV/K. As a result, they may not be enough to 
drive the MPPT interface directly and some kind of startup circuitry is required. Several start-up techniques 
have been reported: utilizing a mechanical switch [8], a pre-charged battery [18], an off-chip transformer 
[19], a Colpitts oscillator [20], and post-fabrication processes [21]. However, these techniques are not 
suitable for self-powered small size sensing systems as mentioned in [9]. 

In this study, we try to drive the MPPT interface circuit for DC-type energy harvesting sources by 
using the low output voltages of the transducers without complex start-up circuitry. With the recent advances 
in integrated circuit processing technology, the driving voltage supplied to electronic systems is on the 
decline. In keeping with this, various techniques for operating circuits at low voltages have been developed 
[22]. The continuous development of these process technologies and low-voltage circuit techniques is 
expected to make it possible to implement an energy harvesting system that can be driven directly with low 
output voltages from energy transducers. 

In this design, a 65 nm complementary metal oxide semiconductor (CMOS) process has been used, 
and energy transducers that output an open-circuit voltage of 0.6~1.2 V have been targeted. Therefore, the 
proposed circuit has been designed to operate even at a voltage as low as 0.3 V. Since the proposed circuit 
should operate at 0.3 V that is lower than the threshold voltage of a regular transistor provided in the process 
used in this design, various low-voltage circuit techniques must be applied. The low-voltage circuit design 
techniques applied in this design are as follows: operation in weak inversion, using a bulk-driven differential 
pair, using composite transistors, and using distributed transistor arrays. The proposed circuit can be 
applicable to energy transducers with lower output voltages if a finer and advanced process is used. In 
section 2 the overall architecture of the proposed system and the design of its component blocks are 
presented. Experimental results and conclusions are presented in sections 3 and 4, respectively. 


2. PROPOSED MPPT INTERFACE CIRCUIT 
2.1. Overall architecture 

The block diagram of the proposed MPPT interface circuit for low-voltage DC-type energy sources 
is shown in Figure 1. It consists of an energy transducer (a PV cell or a TEG), two PMOS switches (SW1, 
SW2), a storage capacitor (Csto), and an MPPT control block. The MPPT control block generates a periodic 
signal MC, and while MC is ‘1’, the switch SW1 is opened so that the open-circuit voltage (Voc) of the 
energy transducer is sampled and stored. While MC is ‘0’, the energy harvested energy is stored in Csto. At 
this time, the voltage Vsro becomes equal to the output voltage of the energy transducer (Vpv or Vrea) and 
should maintain a value near the MPP voltage (Vmpp) in order to harvest the maximum available power. For 
this, the MPPT controller generates a signal EN to control the power switch SW2. While EN is ‘0’, SW2 is 
turned on, and the harvested energy is transferred to the load. 


Enable 
Generator 


Figure 1. Simplified block diagram of the proposed MPPT interface circuit 


MPPT Control Block 


The power obtained from miniature-sized transducers is usually not enough to operate the load (e.g. 
sensor nodes). Therefore, efficient power management is required to resolve the power inconsistency. In this 
design, the active/sleep technique [6], [9] is employed to solve the problem. The load (Rroaa) switches 
between active and sleep mode, and the operating duty cycle varies depending on the amount of energy the 
circuit can harvest. MPPT is performed by adaptively connecting Csto to the load through on/off operation of 
SW2. When SW2 is on, the energy stored in Csto is supplied to the load, and the application load wakes up 
and starts working. The target application load is a system that can be driven directly with the voltage V roaa 
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obtained from an energy transducer with a low output voltage. However, in the case of a load system that is 
difficult to drive directly with Vioaa, it can be driven with a boosted voltage through a boost converter. In this 
case, the load of the proposed circuit can be a DC-DC boost converter. 


2.2. Pulse generator 

For MPPT control, MPPT pulses (MC, P1, PIB, P2) are generated by the pulse generator shown in 
Figure 2(a). The clock generator generates a clock signal (CLK) with a frequency of about 50 Hz. The MC 
pulse is generated once every 128 cycles of CLK as shown in Figure 2(b). The pulse signals P1, P1B, and P2 
required for sample/hold operation of the sampler are also generated based on the MC signal. When MC is 
‘1’, that is, while sampling the open-circuit voltage of the energy transducer, the voltage level of the MPPT 
pulses is converted from Vsto to Voc to properly turn the switches on and off. The detailed timing diagram of 
these control signals is shown in Figure 2(b). 


Figure 2. Pulse generator (a) architecture and (b) timing diagram of MPPT pulses 


2.3. Sampler 

The sampler samples the open-circuit voltage of the energy transducer and then generates an MPPT 
reference voltage (Vmyer) and feeds it to the enable generator. In practice, a reference voltage which 
corresponds to Vmpp/2 instead of Vupp is used for the proper operation of internal circuits. For low-voltage 
operation, the sampler is implemented with only switches and capacitors as shown in Figure 3. Compared to 
the conventional sampler [9] implemented by using an operational amplifier, the sampler designed in this 
paper is better for low-power and low-voltage characteristics. 

The designed sampler consists of a PMOS switch (SWsu1), two NMOS switches (SWsr2, SWsx3), 
and two capacitors (nCsH, mCsy). During the P1 phase as shown in Figure 2(b), the Voc of the energy 
transducer is sampled on the sampling capacitor nCsy by closing SWsy1. At the same time, the holding 
capacitor mCsy is discharged by closing SWsu3 to refresh the reference voltage Vm.ret. Then, during the P2 
phase, the charge of nCsy is shared with mCsy by closing SWsrp, setting VMyrer to the following desired value: 


Vuref = ~Vupp = = Kupp Voc E ——Voc (1) 
here, the Kmpp for PV cells usually ranges from 0.6 to 0.8 [23], in our case 0.7. The Kmpp for TEGs is 0.5 [8]. 
In this prototype design, external capacitors are used to facilitate the generation of a more stable 
reference voltage and the generation of different values depending on the energy source. The Csy value is set 
to 1 nF. In order to generate a reference voltage of Vmpp/2, in the case of light energy, the n value of the 
sampling capacitor is set to 7, and the m value of the holding capacitor is set to 13. For thermal energy, n is 
set to 1, and m is set to 3. The switches SWsy and SWsz2 are implemented using regular-V; MOS transistors, 
while the switch SWsx3 is implemented using a high-V; MOS transistor having a higher threshold voltage to 
minimize the variation of the Vm,ef due to the leakage current in the holding mode. The switch transistors 
have been carefully sized for the accuracy and speed of the sampling, charge sharing, and holding operation. 


2.4. Voltage detector 

The voltage detector shown in Figure 4 is used to deactivate the MPPT control block until the 
voltage Vsto charged in Csto reaches a threshold value. This is to prevent unnecessary current consumption 
and minimize the leakage of charges stored in Csto. The threshold value can be adjusted using a resistor 
divider consisting of Rs; and Rs2, which is set to 250 mV in this design. The detector compares the voltage 
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Vstowiv generated by the resistor divider with the reference voltage V prer of about 100 mV and outputs VD, 
the enable signal of the MPPT control block. In order to reduce the sensitivity to noise, it is designed to have 
a hysteresis function using positive feedback composed of Re; and Rp. 


MG 


Figure 3. Sampler Figure 4. Voltage detector 


2.5. Enable generator 

The enable generator consists of a resistor string, two comparators, and a latch as depicted in 
Figures 5(a) and (b). The resistor string generates a predetermined maximum MPP level (Vu), and a 
predetermined minimum MPP level (V1), and supplies them to the comparators. Vy and V are set to 
Vo»pp/2+AV and Vupp/2-AV. AV is a small value and its specific value is not critical for the band-band 
control. In this design, 2AV is set to a value corresponding to about 5% of Vsto. The output signals of the 
comparators are fed into the latch to create a signal EN that determines the on or off state of SW2, defining 
the charging and discharging phases. 


Vsto 
Vi 
Vi 
Viwret 
Mi EN 
V t 


Y Pid 
“+= Load ON *~ 
(a) (b) 


Figure 5. Enable generator (a) architecture and (b) detailed waveforms of the band-band control 


When Csto is charged and Vr reaches Vm,ret, EN goes low and SW2 is turned on. During this 
discharging phase, the energy stored in Csto is supplied to the load, and the application load begins to 
operate. When Csro is discharged and Vy reaches Vrer, EN goes high and SW2 is turned off. During this 
charging phase, the transfer of energy to the load stops, and one operation cycle is completed. When Csro is 
recharged again, the cycle of operation repeats. Thus, Csto is repeatedly charged and discharged near the 
Vwpp, and the energy transducer always operates near the MPP. 


2.6. Comparator and reference circuit 

The comparator used in the enable generator and voltage detector is shown in Figure 6. The basic 
structure of the designed comparator is based on the CMOS Miller OTA proposed in [24]. Since the 
comparator should operate at a voltage as low as 0.3 V, several low-voltage circuit design techniques have 
been employed. First, a bulk-driven differential pair operating in weak inversion consisting of M1, M2, and 
M8 is used as the input stage. The bulk-driven differential pair is advantageous for low-voltage operation 
because it can obtain a larger signal swing compared to the gate-driven one [25]. 

Second, in weak inversion an important configuration for a MOS transistor is a composite transistor 
[26]. The composite transistor operating in weak inversion has the effect of improving the output resistance 
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to the extent that can be achieved with a cascode transistor structure. The transistor pair M3-M5 and M4-M6 
form composite transistors and act as the active load of the differential pair. In addition, transistors M3 and 
M4 perform a dc-level shifting function so that the input transistor M11 of the second amplification stage can 
operate properly without an additional DC bias voltage. 

Finally, the distributed transistor array technique [27] is used to implement all transistors of the 
comparator. In sub-micron CMOS processes, halo implants are usually used to reduce the short channel 
effect. However, this leads to a decrease in the output resistance of the transistors and an increase in the 
threshold voltage mismatch [28]. A simple approach to alleviate the reduction in output resistance is to use an 
array (series-parallel association) of unity transistors instead of single large device. The output resistance of a 
s x p array of unity transistors can be s times greater than that of a unity transistor while the transistor array is 
equivalent to a single halo-implanted transistor in its threshold voltage characteristics [29]. The unity 
transistor aspect ratio and s x p array information for each transistor used in this comparator design are 
shown in Table 1. The designed comparator shows a dc gain of 40 dB, a 3 dB frequency of 160 Hz, and a 
current consumption of 27 nA at a supply voltage of 0.25 V. 

A reference circuit is required to supply stable currents to the clock generator and comparators, and 
to supply a reference voltage to the voltage detector. The reference circuit designed based on the beta 
multiplier reference [30] is shown in Figure 7. The basic beta multiplier circuit consisting of M1~M4 and R1 
has very poor sensitivity to the supply voltage changes due to the low output resistance of the short channel 
transistors. To increase the output resistance a feedback configuration using a simple amplifier consisting of 
M5~M8 is adopted. In addition, the distributed transistor array technique used in the comparator design is 
also employed in the reference circuit design to increase the output resistance of short-channel transistors and 
thus improve the circuit performance at low voltages. The reference circuit includes a start-up circuit 
consisting of M9, M10, and C1 which consumes no power after start-up [31]. Simulation results have shown 
that the designed reference circuit operates at a supply voltage of 0.2 V or more, and outputs a reference 
current of 5 nA and a reference voltage of 100 mV. The reference current and voltage sensitivity to the power 
supply are 0.3 nA/V and 6 mV/V, respectively, and the current consumption is 17 nA. 


Figure 6. Low-voltage comparator Figure 7. Low-voltage reference circuit based on beta 
multiplier 


Table 1. Transistor aspect ratio of the comparator 
Transistor _sxpx(W/L)(um/um) Transistor _sxpx(W/L)(um/um) 


MI, M2 10x12x(5/1) M3, M4 15x30x(2/1) 
M5, M6 15x8x(2/1) M7 15x20x(5/1) 
M8 15x60x(5/1) M9, M10 15x8x(5/1) 
Mil 21x8x(2/3) M12 15x20x(5/1) 


3. RESULTS AND DISCUSSION 

The proposed circuit has been fabricated using a 65-nm CMOS process. The layout and photograph 
of the designed chip is shown in Figure 8. Its active area is 720 umx640 um. The performance of the 
fabricated chip has been verified for light energy and thermal energy. 


3.1. Measurement results for light energy 
Figure 9 shows the experimental setup for photovoltaic energy harvesting. The PV cell used for the 
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measurement is SOLARBOTICS solar cell (SCC2422 model). Measurements were performed at light 
intensity of 800 Lux or less, corresponding to the indoor illuminance. Light intensity was adjusted by 
changing the distance between the designed chip and the lamp (light source). The open-circuit voltage of the 
PV cell at 700 Lux is approximately 1 V and the maximum available power is 17.3 uW. The storage 
capacitor Csto is set to 47 uF. 


Power Supply ; 


Light Source: 


Figure 8. Layout and photograph of the designed Figure 9. Experimental setup for photovoltaic energy 
MPPT interface circuit harvesting 


Figure 10 shows the measurement results for photovoltaic energy harvesting. Figures 10(a) and (b) 
are the steady-state waveforms of the output voltage of the PV cell (Vpv), the MPPT pulse (MC), and the 
load voltage (Vroaa) at 700 Lux when Rroaa is 18 KQ. It can be seen from Figure 10(a) that the MC signal is 
generated at a period of 2.5 seconds, and when the MC signal is high, SW1 is turned off, and the open-circuit 
voltage Vpy,oc of about 1 V is generated. It can also be seen from Figure 10(b) that the output voltage of the 
PV cell is band-band controlled between 662 mV and 750 mV by the MPPT controller. Excluding the time 
during which Vpy.oc occurs, the average voltage of Vpy (and hence Vsto) is 706 mV, which is slightly 
different from the MPP voltage of 700 mV (0.7 times Vpy.oc). Therefore, it can be confirmed that the PV cell 
operates in the vicinity of the MPP. The Vioaq follows Vpy during the discharging phases, which correspond 
to the active time the load can operate. The operating duty cycle depends on the load resistance. It is 47.3% 
for Rroagz=18 KQ but increases to 72.8% for Rroaa=25 KQ shown in Figure 10(c). The current required by the 
load decreases as the load resistance increases. Therefore, the discharge rate decreases, and the duty cycle 
increases. 

Figure 10(d) shows the waveforms measured when Vpy,oc is decreased from 1 V to 250 mV at t=t1 
to verify the operating characteristics of the voltage detector addressed in section 2.4. When the light 
intensity decreases to a level where the energy harvesting operation is difficult (i.e. Vpvoc=250 mV), Vpv 
(and thus Vsro) cannot be boosted in the charging phase. Rather, it gradually decreases due to the discharge 
of Csto by leakage current to the input terminal and to the MPPT control block. When V sro decreases to the 
threshold value at t=t2, the output VD of the voltage detector changes from ‘1’ to ‘0’, and the entire circuit is 
disabled. In this design, the threshold value is 250 mV, and it can be seen that the voltage detector detects at 
240 mV by the hysteresis function. 

Figure 11 shows the result of measuring the MPP tracking process when the light intensity changes. 
The load resistance is 18 kQ. When the light intensity is changed from 800 Lux to 470 Lux (or vice versa), 
the open-circuit voltage Vpv,oc changes from 1.26 V to 0.89 V (or vice versa). The average value of Vpy is 
0.87 V for Vpv,oc=1.26 V, and 0.62 V for Vpv,oc=0.89 V. So, it can be seen that the designed circuit is able 
to track the MPP voltage even when there is a change in light intensity. 

When the energy transducer’s output changes, the transition time it takes to track a new MPP 
depends on the timing of the MC signal generation. The worst case is when the output of the energy 
transducer changes immediately after the n-th MC signal is generated. In this case, energy is harvested based 
on the Vwpp[n-th] generated by the n-th MC signal until the (n+1)-th MC signal is generated. Therefore, the 
maximum transition time is the time obtained by adding the period of the MC signal and the time to charge or 
discharge Csto based on the updated Vmpp[(n+1)-th]. Figure 11(a) corresponds to this worst case, and the 
maximum transition time is 1.5 seconds. On the other hand, if the output of the energy transducer changes 
just before the (n+1)-th MC signal is generated, the transition time becomes minimum and corresponds to the 
time to charge or discharge Csto based on the updated Vmpp[(n+1)-th]. Figure 11(b) corresponds to this best 
case, and the minimum transition time is 0.4 seconds. 
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Figure 10. Waveforms measured for photovoltaic energy harvesting (a) Vpy and MC, (b) Vpy and Vioaa when 
Vpv,oc™1 V (700 Lux) and Rroa=18 KQ, (c) duty cycle change due to Rroag increase to 25 kQ, and (d) waveforms 
measured when Vpv,oc changes from 1 V to 250 mV to verify the voltage detector functionality 
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Figure 11. MPP tracking process, measured waveforms of Vpy and Vioaa when the light intensity is changed 
(a) from 470 Lux to 800 Lux and (b) from 800 Lux to 470 Lux 


3.2. Measurement results for thermal energy 
A TEG can be emulated by a voltage source Vr connected in series with a resistor Rr [8]. For 


example, a 1-V DC voltage source with a 25-kO resistor can be used to emulate the TEG device presented in 
[32]. For the TEG emulation circuit, the open-circuit voltage is 1 V, and the maximum available power is 
10 uW. The storage capacitor Csro is set to 47 pF. 

Figures 12(a) and (b) show the measurement results under the minimum operating voltage condition 
that the designed MPPT interface circuit can operate. They show the waveforms of Vreg and Vioad when 
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V71=0.6 V, Rr=25 KQ, and Rroaa=10 KQ. In this case, the open-circuit voltage of the input device is 0.6 V, so 
the interface circuit should operate at the MPP voltage (ideally 0.3 V). It can be seen that Vreg is between 
281 mV and 303 mV, and the average voltage of Vres is 292 mV, which is close to the MPP voltage of 300 
mV. This result demonstrates that the deigned circuit can operate properly even at operating voltage as low as 
0.3 V. The duty-cycle change with load resistance and the MPP tracking process for thermoelectric energy 
harvesting are similar to those for photovoltaic energy harvesting shown in Figures 10 and 11. 
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Figure 12. Measured waveforms for thermoelectric energy when V7=0.6 V, Rr=25 KQ, and Rroaa=10 KQ 
(a) Vrec and Vroaa and (b) magnified view of Vreo and Vroad 


3.3. Power efficiency and MPPT accuracy 

The power efficiency measured for different load resistances is shown in Figure 13(a). It is defined as 
the ratio of the power delivered to the load to the maximum available power of the transducer. Efficiency was 
measured using an equivalent circuit for the PV cell and a TEG emulation circuit with Vr=1 V and R1=25 KQ 
for the TEG. For the PV cell, the peak power efficiency is 97.1%, and the efficiencies are greater than 90% for 
400 QOSRtoad<5 KO. The operating duty cycle becomes 100% for Rroa>5 KQ. Thus, the circuit operates in 
continuous mode and deviates from the MPP with reduced efficiency. As the load resistance decreases, the 
power efficiency decreases due to an increase in the current at the power switches SW1 and SW2 and the 
resulting increase in conduction losses. For the TEG, the peak power efficiency is 93.6%, and the efficiencies 
are greater than 80% for 15 kO<Rroa<50 KO. For Rroag>27 KQ, the duty cycle becomes 100%. 

The MPP tracking accuracy of the designed circuit is shown in Figure 13(b). It is defined as the ratio 
of the output power generated by the energy transducer to the maximum available power of the transducer. In 
this measurement, Ppy,max=117 uW and Precmax=10 uW. The tracking accuracy for the PV cell is better 
than 98.3% in the Rroaa range of less than 5 kQ where the MPPT operation is maintained as the operating 
duty cycle is less than 100%. The tracking accuracy for the TEG is better than 98.8% in the Rioaa range of 
less than 27 kQ. It shows satisfactory performance of the proposed MPPT interface circuit. Table 2 compares 
the performance of conventional low-voltage DC-type energy harvesting circuits with the presented circuit. 
Since the proposed circuit shows high MPPT accuracy and occupies a relatively small area, it is suitable for 
low-voltage low-power sensor application systems that does not require start-up circuits. 
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Figure 13. Performance of the designed MPPT interface circuit (a) power efficiency and (b) MPP tracking 
accuracy 
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Table 2. Performance comparison with conventional low-voltage DC-type energy harvesting circuits 


Parameter [4] 07] [21] [33] [34] This work 
Process 0.18 um 0.18 pm 65 nm 0.32 um 0.18 um 65 nm 
Type of sources PV DC TEG DC TEG DC 
Input voltage 0.14~0.62 V 30 mV~1.8 V 80 mV~ 74 mV~2.5 V 60 mV~0.46 V 0.6~1.2 V 
(Voc) 
Vout (V) [*: *1.0 3~5.8 1.3 *1.8 *1~1.8 0.3~0.84 
regulated] 
Requirement Charge Pre-charged Vru-tuned OSC Charge Charge None 
for startup pump battery & charge pump pump pump 
DC-DC Inductive Inductive Inductive Inductive Inductive None 
conversion boost buck-boost boost boost boost 
MPPT scheme None FOCV None FOCV None FOCV 
Peak efficiency 82 90.2 60 (just BC) TRI 78.5 97.1 
(%) 
Current/power *3.2 nW N/A N/A *121nA 8.2 uW 130 nW 
[*: quiescent] @1V 
Active area 2.42 2.58 0.25 0.93 0.53 0.43 
(mm) 


4. CONCLUSION 

This paper presented a simple implementation of an MPPT interface circuit for low-voltage DC-type 
energy harvesting sources. The interface circuit is driven directly by the low output voltages of small size 
energy transducers, eliminating the need for complex start-up circuitry. A simple MPPT controller with the 
FOCV method was presented and fabricated in a 65-nm CMOS process. The designed chip occupies an 
active area of 720 umx640 um and consumes 130 nW for an open-circuit voltage of 1 V. It has been 
experimentally verified that the designed MPPT interface can track the MPP voltage even in the presence of 
fluctuations in the open-circuit voltage and can operate properly at operating voltages as low as 0.3 V. The 
proposed circuit can be applied to energy transducers with lower output voltages if finer and more advanced 
processes are used. The measured peak power efficiency is 97.1%, and the MPP tracking accuracy is better 
than 98.3%. The proposed circuit is suitable for self-powered small size sensor systems because it does not 
require a start-up circuit or even dc-dc boost converters. 
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